Introduction
Extremely efficient oxygen-transporting proteins are found in many multicellular eukaryotic organisms. They probably evolved from proteins that played a role as scavengers of poisonous oxygen during that period in which a reducing atmosphere still existed on earth. Three types of dioxygen carriers are found in nature (Van Holde and Miller 1982; Vinogradov 1985) . The most ubiquitous of these are the globins, with representatives not only in all major groups of eukaryotes, but even also in prokaryotes (e.g., see Wakabayashi et al. 1986 ). The hemerythrins have a much more restricted occurrence and are found only in a limited number of invertebrate taxa. The third group consists of the hemocyanins, copper-containing proteins occurring in mollusks and arthropods. Hemocyanins bind one oxygen molecule per two copper atoms, with the copper atoms directly ligated to amino acid residues in the protein. Sequence similarities indicate that the molluskan hemocyanins are evolutionarily related to tyrosinases, oxidative enzymes occurring in eukaryotes and prokaryotes, which also contain two copper atoms in their active sites.
Arthropod and mollusk hemocyanins do not show significant sequence similarities, and their quaternary structures are also completely different. Arthropod hemocyanins consist of hexamers or multihexamers of polypeptide chains of -75 kD, whereas molluskan hemocyanins have cylindrical structures, consisting of long polypeptide chains with seven or eight functional units of -50 kD per chain. The second copper-binding site in arthropod hemocyanins does show some sequence similarity with the second copper-binding site in molluskan hemocyanins and tyrosinases (Miiller et al. 1988 ), but whether this relationship is due to common ancestry or convergent evolution is still a matter of debate.
Within the arthropods, hemocyanins have been demonstrated in the hemolymph of the subphyla chelicerates, crustaceans, and a myriapod (Mangum et al. 1985 ) . In insects, which have a tracheal respiratory system, no hemocyanin has been detected. Several insects and lower crustaceans have hemoglobin, which is used under hypoxic conditions (Mark1 and Decker 1992) .
Hemocyanins of crustaceans and chelicerates form hexameric structures. Most cheliceratan hemocyanins forrn multihexameric structures of four to eight hexamers per molecule, while crustacean hemocyanins generally have much simpler quaternary structures (Van Bruggen et al. 198 1; Van Holde and Miller 1982; Mark1 and Decker 1992) . Also, the aggregation of two hexamers to dodecameric structures is different in the two taxa (De Haas et al. 199 1) . The amino acid sequences of cheliceratan and crustacean hemocyanins are -30% identical ( Linzen et al. 1985 ) . Crystal structures of representatives of both taxa have been determined and show very similar folding of the polypeptide chains, especially near the conserved copper-binding sites and in regions important for intersubunit contacts (Volbeda and Ho1 1989; Hazes et al. 1993) . The homologous structures of crustacean and cheliceratan hemocyanins support a monophyletic relationship between these two arthropod taxa. Other molecular evidence for the monophyly of arthropods has recently been derived from investigations of 18s rRNA sequences (Turbeville et al. 199 1) and mitochondrial 12s rRNA sequences (Ballard et al. 1992) ) which also include-in contrast to data from the arthropod hemocyanin studies-sequences of outgroup taxa.
There are important structural and functional differences between crustacean and cheliceratan hemocyanins. Gene duplications leading to different subunits occurred independently in the two taxa (Neuteboom et al. 1990 ). The different subunits in the chelicerates have very precise locations in the quaternary structure of their hemocyanins.
In contrast, crustacean hemocyanins show a high variability in subunit composition.
Part of this variability is the result of a number of recent gene duplications (Neuteboom et al. 1990 ), which may be one of the ways to achieve a functional plasticity in subunit composition as an adaptation to different environmental and physiological conditions and stages of development (Mangum and Towle 1977; Olson et al. 1988; Condo et al. 1991; Mangum et al. 1991) .
Proteins exhibiting an unambiguous sequence similarity with the arthropod hemocyanins
have not yet been found outside this phylum. However, within this phylum, sequences of storage proteins occurring in the hemolymph of insects show significant homology with those of the arthropod hemocyanins (Sakurai et al. 1988; Fujii et al. 1989; Willott et al. 1989; Jones et al. 1990 Jones et al. , 1993 Corpuz et al. 199 1; Naumann and Scheller 199 1) . These proteins are synthesized in and secreted by the fat body during larval-to-pupal molt and reach very high concentrations in the hemolymph (~85% by weight of the protein) just before metamorphosis (Telfer and Kunkel 199 1) . In holometabolous insects, they are partially recaptured by the fat body during larval-to-pupal molt and disappear during adult development.
They are used for the synthesis of new proteins in adults, but they also may be incorporated into the cuticle as intact protein. Like the arthropod hemocyanins, these proteins form hexameric structures with subunits having masses of -70-85 kD. Telfer and Kunkel ( 199 1) have introduced the name "hexamerin" as a general descriptive term for these proteins. Structures with more than one hexamer per molecule have not been observed for these proteins, except in Calliphora hemolymph, which contains a small amount of a two-hexamer structure ( < 10% of the total hexamerin content; Mark1 et al. 1992) . Generally, in the hemolymph of a single species-especially in the Lepidopteraseveral hexamerins with distinct properties occur, e.g., a high content of aromatic amino acid residues (arylphorins) or of methionine.
The most striking feature of these proteins is the fact that they are colorless and do not contain copper. Most of the histidines that bind copper in the hemocyanins have been replaced by other residues. However, residues important for the tertiary and quaternary structures of hemocyanins have been conserved in the hexamerins.
Investigations of the proteins occurring in the hemolymph of chelicarates did not reveal the presence of copper-free hexamerin-like structures (Mark1 et al. 19793) . In several crustaceans the presence of such proteins have been demonstrated (Mark1 et al. 1979a) . However, it is not yet known if these proteins are similar to the insect hexamerins or if they represent copper-free hemocyanin molecules. In order to have a better understanding of the evolutionary history of the protein family consisting of arthropod hemocyanins and hexamerins, available sequences were aligned and analyzed using parsimony and distance methods.
Methods
References for the amino acid sequences used in this study are presented in table 1, together with more information about species, higher taxa, protein or subunit identity, and the macromolecules (protein, cDNA, or genomic DNA), which have been analyzed to obtain the sequences. The amino acid sequence of the b subunits of Panulirus interruptus (Jekel et al. 1988) have not been included in these studies, since they differ ~3% from that of subunit a. Sequences were aligned by hand, on the basis of structural superposition of the X-ray structures of the Limulus II and Panulirus a hemocyanin subunits (Hazes et al. 1993) . Other sequences were added to the alignment, with a maximal conservation of elements of secondary structure. The final alignment is presented in figure 1 .
Aligned sequences were analyzed using maximum parsimony under the heuristic search option (tree bisection-reconnection, local and global swapping, and simple and random stepwise addition) using the PAUP computer program ( Swofford 199 1) . These analyses were performed on the aligned sequences, with gaps (deletions) considered as "missing data." Searches were done under the "protpars" assumption, in which the number of codon differences between replaced amino acids is taken into account (also see Felsenstein 1989 ) . This method is inappropriate for treating amino acid sequences derived from nucleotide sequence data, but it has been used in our studies because five of the analyzed hemocyanin sequences are only known at the protein level. Bootstrap analysis ( 100 replicates) using an 80% majority rule was used to provide an estimate of tree stability. Pairwise distances between sequences were calculated with the PROTDIST program of the PHYLIP package (Felsenstein 1989) under the "Kimura formula" option and were used for deriving trees with the neighbor-joining method (Saitou and Nei 1987) in the PHY-LIP program package (Felsenstein 1989) .
Results and Discussion

Alignment of Sequences
The 19 sequences presented in figure 1 are aligned by hand. Common structural elements in subunit a of Panulirus and in subunit II of Limuhs are superimposed (Hazes et al. 1993 ) . Alignment of the other hemocyanin sequences with these two was relatively straightforward, but the insect hexamerins presented more difficulties. Insertions and deletions in these were positioned as much as possible within loops occurring between elements of secondary structure on the surface of the molecule.
Insertion-deletion patterns are striking. The chelicerate hemocyanins have a deletion of 2 1 residues in the area of helices 1.2 and 1.3 of the first domain of
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FIG. 1 .-Sequence alignment of arthropod hemocyanin subunits and insect hexamerins. Abbreviations of names of proteins are as in table 1. Twenty constant residues in the 19 sequences are underlined and in boldface. An asterisk (* ) denotes a copper-binding histidine residue in the hemocyanin sequences; and a dash (-) denotes deletion. Recognition sites for N-glycosylation and (half)cystine residues are underlined and in italics. The top line of each sequence block gives the elements of secondary structure as determined by X-ray diffraction (Volbeda and Ho1 1989; Hazes et al. 1993) . Residue numbers are given for the P1NT.A sequence. multihexameric quaternary structure (Soeter et al. 1987; De Haas et al. 199 1) . In the insect hexamerins a deletion occurs in domain I of the Calliphora sequence, which has been positioned at the location of helices 1.3 or 1.4 by Naumann and Scheller ( 199 1) and Mark1 et al. ( 1992) , respectively. We propose, however, to position this deletion also in the region of helices 1.2 and 1.3, as is the cheliceratan hemocyanin sequences.
The alignment presented in figure 1 shows that several sequence similarities may support this location. As the evolutionary analysis of the sequences groups the two dipteran sequences together within the insect hexamerin clade (see below), the deletion in the region of helices 1.2 and 1.3 occurred independently in the cheliceratan hemocyanins and in the Calliphora sequence. However, it may explain that, only in CaZZiphora he- molymph, small amounts of two-hexamer structures have been observed so far (Mark1 et al. 1992) .
The insect hexamerins have an insertion at the end of domain I, where this domain participates in a P-sheet with strands of domain III. The Calliphora sequence also differs from all others in having an additional, much longer ( -65 residues) insertion in this area. Its location at the surface of the hexameric hemocyanin structure does not require structural rearrangements.
In domain II few deletions or insertions have to be introduced in order to obtain an optimal alignment. However, in domain III, which consists largely of a wellstructured P-barrel (Hazes and Ho1 1992 ) , several large insertions and deletions have to be introduced. The crustacean hemocyanins have an insertion between helices 3.3 and 3.4 in this domain, in contrast to the cheliceratan hemocyanins.
Also, the X-ray structures of Panulirus and Limulus hemocyanin differ substantially in this area. The insect hexamerins have extended C-termini as compared with the hemocyanin subunits. In particular, the group of methionine-rich proteins of Bombyx mori, Manduca sexta, and Trichoplusia ni have long extensions at their C-termini, containing high numbers of methionine residues, which is a characteristic feature of these proteins (Sakurai et al. 1988; Corpuz et al. 199 1; Jones et al. 1993) .
Identical residues in the 19 sequences are shown as underlined and in boldface in figure 1. As already mentioned, these residues do not include the six copper-liganding histidines of the hemocyanins (indicated by asterisks in fig. 1 ), since most of them have been replaced by other residues in the insect hexamerins.
The loss of the oxygen-binding function of the insect hexamerins provides us with an elegant method for assessing whether a residue in the hemocyanins has been conserved for structural (also conserved in the insect hexamerins) or functional (conserved only in the hemocyanins) reasons.
Analysis of Sequences
One single most parsimonious unrooted tree requiring 6,340 substitutions was found by a PAUP analysis under the protpars assumption in which deletions were considered as missing data ( fig. 2 ). This tree is separated from all other trees, which require 26,342 substitutions.
The overall topology seen in the single most parsimonious tree was maintained in a subset of 16 trees that require 6,342-6,350
substitutions. Bootstrap values, shown in figure 2, demonstrate the robustness of the tree. Values of 100% were obtained for the grouping together of the 2 crustacean, of the 5 cheliceratan hemocyanin, and of the 12 insect hexamerin sequences. Within the insect hexamerins there is also strong evidence for monophyletic clades ( 100% values, on bootstrap analysis) of four arylphorin sequences and TRICH.M2), of two juvenile hormone-suppressible proteins (TRICH.JH and GAL.JH), and of two dipteran hexamerin sequences (CAL. and DROS.). However, the relative positions of these four hexamerin clades to each other are less stable, as illustrated by bootstrap values ~80% for both ( 1) the branch leading to the clade of methionine-rich proteins, arylphorins and the two dipteran hexamerins, and (2) the branch leading to the methionine-rich proteins and arylphorins ( fig. 2 ) .
Three additional PAUP analyses were performed, in which (a) all characters that included a gap were excluded, (b) the absence or presence of a gap was considered as a character state (independent of its length), and (c) the amino acid sequences were used without the protpars assumption (with deletions considered as missing data). All these analyses gave one most parsimonious tree in which the overall topology seen in figure 2 is maintained. Parsimony analysis was also performed on the three domains separately, for both the hemocyanin and several of the insect hexamerin sequences. Very similar results were obtained as compared with the complete sequences. In all cases the crustacean hemocyanin, the cheliceratan hemocyanin, the lepidopteran arylphorin, and the dipteran sequences are joined together in separate groups. This indicates that the areas with significant homology are distributed rather evenly among the three domains and that the three domains experienced similar evolutionary histories.
There is evidence for a monophyletic clade of the cheliceratan hemocyanin sequences of Limulus II and Eurypelma a (bootstrap value of 80%). This joining suggests an orthologous relationship of these two subunits, which occupy identical positions in the native hemocyanin oligomer and also are immunologically related (Kempter et al. 1985) .
For two recently described and sequenced basic hexamerins from 7'. ni, it has been claimed that they do not correspond to any previously established group of insect proteins (Jones et al. 1993) . However, in our analysis they clearly group with the methionine-rich proteins of B. mori and M. sexta ( 5%-11% methionine; Telfer and Kunkel 199 1) . The expression of these four proteins is regulated by hormones, but the Trichoplusia hexamerins appear equally in both sexes, while the Manduca and Bombyx hexamerins are expressed more abundantly in the female than in the male. The basic Trichoplusia hexamerin, TR1CH.M 1, groups in the tree with the methionine-rich proteins of B. mori ( SPl ) and M. sexta ( SPl B). The second basic Trichoplusia hexamerin, TRICH.M2, has a lower methionine content ( -5%) than do the other three methionine-rich proteins. Its C-terminal sequence (250 residues) is only 23% different from that of the incompletely sequenced hexamerin SP IA of A4. sexta (Corpuz et al. 199 1) . This indicates that a gene duplication has occurred in the ancestral gene for the lepidopteran methionine-rich proteins. The presence of two A4. sexta arylphorins suggests that a similar gene duplication has occurred in the ancestral gene for the lepidopteran arylphorins and that in Lepidoptera at least five paralogous gene products may occur. Part of the gene duplications occurred in the Lepidoptera after divergence from the Diptera, but we cannot exclude the possibility that a gene duplication already had occurred before the divergence of both taxa.
Pairwise distances (table 2) between the sequences were calculated from the sequences ( fig. 1 ) directly and with the PROTDIST program from the PHYLIP packhemocyanin subunits both have a glycosylated Asn-Xage (Felsenstein 1989) under the "Kimura formula" Ser/Thr sequence in their primary structure (although option (Hasegawa and Fujiwara 1993) . The PROTDIST at different positions-167 and 470; fig. 1 ) , which distances have been used for deriving a tree by the strongly suggests synthesis by RER-associated ribosomes. neighbor-joining method (Saitou and Nei 1987) . AlThe cDNA and genomic sequences of hemocyanin though relative branch lengths differ between the most subunits a and e of E. calijbrnicum do not contain the parsimonious ( fig. 2 ) and the neighbor-joining trees (not code for N-terminal signal peptides, indicating that they shown), the topologies do not show any difference.
are synthesized on free ribosomes (Voit and FeldmaierFuchs 1990; Voll and Voit 1990 These features are in agreement with the general trend in the evolution of Diptera, favoring size reduction and even elimination of introns (Kwiatowski et al. 1992) . So the exon/intron structure is not a well-conserved feature in the family of arthropod hemocyanins and insect hexamerins.
Intracellular
Site of Biosynthesis, Glycosylation, and Disulfide Bridges
The most puzzling feature of the family of arthropodan hemocyanins and insect hexamerins is their different location of biosynthesis in the cell. The insect hexamerins all have been sequenced at the DNA level, and each of them has a typical signal peptide sequence at its N-terminus, indicating synthesis by rough endoplasmic reticulum-associated ribosomes. With the exception of the methionine-rich proteins of T. ni and the calliphorin from Calliphora, they also contain one or more Asn-X-Ser/Thr sequences ( fig. 1) ) which is the recognition site for N-glycosylation. Although the presence of an Asn-X-Ser/Thr sequence does not necessarily imply glycosylation (Beintema et al. 1976; Gavel and Von Heijne 1990) , the glycoprotein nature of the arylphorins from M. sexta and of LSP-2 from Drosophila have been confirmed by chemical studies of the proteins (Ryan et al. 1985; Williams et al. 199 1) . It is interesting to note that one of the putative glycosylation sites in the arylphorins and in two of the other hexamerins coincides with the glycosylation site in subunit a of P. interruptus hemocyanin (position 167; fig. 1 ) . The two P. interruptus thesis occurs intracellularly in specialized cells, named "cyanocytes" (Mark1 and Decker 1992), which must rupture in order to release their contents into the extracellular hemolymph.
Although the cheliceratan hemocyanin sequences presented in figure 1 contain several Asn-X-Ser / Thr sequences, protein sequence studies have not reported the detection of glycosylated asparagine residues. However, hemocyanin from the scorpion Androctonus australis contains covalently bound carbohydrate for which the primary structure has been determined by Debeire et al. ( 1986) . This suggests that in this cheliceratan species hemocyanin synthesis does occur by RER-associated ribosomes, similar to that in crustacean hemocyanins and insect hexamerins. This puzzling observation needs more extensive investigations of the protein structure. Figure 1 also presents, underlined and in italics, the location of cysteine residues in the 19 sequences. There is little conservation of these residues. The six half-cystine residues in the a subunit of P. interruptus hemocyanin form three disulfide bridges (Bak and Beintema 1987; Volbeda and Ho1 1989) . The c subunit of this hemocyanin has one disulfide bridge and one free cysteine (Neuteboom et al. 1992) . The Limulus II hemocyanin sequence has nine cysteines, of which the four located in domain 3 form two disulfide bridges linking the loops between helices 3.3 and 3.4 and between helix 3.5 and P-strand 3K ( Hazes et al. 1993 ) ; there are no indications that the other five residues are involved in disulfide bridges. The two disulfide bridges in domain 3 may be a conserved feature in the chelicerates. One of these two bridges is also present in the a chain of Panulirus and perhaps also in the hexamerins of the two dipteran species ( fig. 1) . The arylphorins from M. sexta and Galleria mellonella do not contain any cysteine residue. The fact that the location of disulfide bonds is a less invariant feature in arthropod hemocyanins and insect hexamerins than in other protein families (Thornton 198 1) may be related to the variation in site of intracellular biosynthesis.
Phylogeny of Arthropods
The parsimony and neighbor-joining analyses of the amino acid sequences of hemocyanins and hexaEvolution of Arthropod Hemocyanins 50 1 merins, as well as the description of other structural and functional features, are useful to get more insight in the evolutionary history of this family of proteins. However, since the trees obtained do not include outgroup taxa, they are unrooted and do not give information about the ancestral state from which these proteins are derived. Most classical circumscriptions of arthropods (Barnes 1980 ) recognize three subphyla: the chelicerates, the crustaceans, and the uniramians. The third taxon unites insects and myriapods and is positioned, by Briggs et al. ( 1992) , at the origin of arthropod evolution. However, parsimony analysis of cytoplasmic 18s rRNA sequences (Turbeville et al. 199 1) and of mitochondrial 12s rRNA ( Ballard et al. 1992 ) sequences indicates that insects group with the crustaceans, while the myriapods either group with the chelicerates ( 18s rRNA data) or form the most ancestral branch in the evolutionary tree of the arthropods ( 12s rRNA data). This means that these rRNA studies do not support the monophyly of the subphylum of the uniramians. If indeed the crustaceans and insects are phylogenetically the most closely related taxa in a tree of arthropods, then the evolutionary history of the hemocyanins and insect hexamerins may have been occasioned by (a) the presence of hemocyanin in the ancestor of myriapods, chelicerates, and crustaceans (with a still unknown relationship with proteins outside the arthropods) and (b) a loss of hemocyanin function in the insects after divergence from the crustaceans. Several characteristics of the primary, tertiary, and quaternary structures, including features related to the site of biosynthesis, may support this hypothesis.
